Introduction: In neuroimaging studies, long-term unilateral hearing loss (UHL) is as-
| INTRODUCTION
Characterized by asymmetric hearing input, unilateral hearing loss (UHL) poses many challenges, including difficulties in directional hearing and speech recognition (Kuppler, Lewis, & Evans, 2013; Lieu, TyeMurray, & Fu, 2012; Schmithorst, Plante, & Holland, 2014; Tibbetts et al., 2011) . UHL is frequent in newborns (0.5/1,000 newborns), and the incidence increases with age . Due to the relatively high incidence of UHL (Kuppler et al., 2013; Lieu et al., 2012; Schmithorst et al., 2014; Tibbetts et al., 2011) and the predominantly monaural therapy of congenital or acquired bilateral deafness with one cochlear implant (Gordon, Wong, & Papsin, 2013; Graham et al., 2009) , the effects of UHL have attracted clinical interest . Selecting a treatment for UHL requires weighing trade-offs between intervention risks against expected benefits, which are currently difficult to predict. Intriguingly, the clinical outcome of cochlear implant treatment for UHL might be related to deafness-induced cortical reorganization (Sandmann et al., 2012) . Thus, under these circumstances, one aim of this study is to understand the underlying functional changes in the brain following long-term UHL to provide potential biomarkers for identifying the disease and monitoring its progression.
Recent magnetic resonance imaging (MRI) studies mapped selected components of neural networks in UHL patients; the cumulative evidence of these studies suggested that hearing impairment is associated with network abnormalities. Using functional MRI, previous studies found that UHL not only altered the activity of sensory areas but also reshaped the regional and circuit functional organization of higher-level networks, such as the default-mode network (DMN) , executive control network (Tibbetts et al., 2011) , and language networks . By exploring the relationship between long-term UHL and gray matter morphology, several structural imaging studies have demonstrated widespread involvement of various brain regions, including Heschl's gyrus, calcarine cortex, prefrontal cortex, and anterior cingulate cortex (Fan et al., 2015; Wang et al., 2016; Yang et al., 2014) , hinting that structural changes may contribute to the formation of functionally abnormal brain networks in UHL patients. Although these previous imaging studies provided valuable information on neuro-anatomical and functional changes in the brain in UHL from segregated brain areas, a whole-system level (i.e., the connectome) understanding is still lacking.
Advances in the neuroimaging techniques of resting-state functional MRI (rs-fMRI) have enabled the mapping of high-resolution functional networks through characterizing the patterns of interregion temporal correlations. From the connectomic perspective, the functions of the primary sensory cortex (e.g., auditory cortex), once thought to be pinnacles of modularity, are being redefined by recent evidence of cross-modal interactions working together as large-scale networks (Menon, 2011) . Hence, deprivation of unilateral auditory input might compromise integral auditory perception, which could further propagate through widespread interregional connectivity to change the topological organization of intrinsic brain networks in UHL patients. Moreover, these topological changes could be quantitatively characterized using graph theoretical analysis (Bullmore & Sporns, 2009; Fornito, Zalesky, & Breakspear, 2013) . More recently, one study suggested that UHL changed the topological organization of brain networks; however, this study focused only on patients with sudden UHL within the acute period (the disease duration is within 3 days; Xu et al., 2016) . Thus, the topological organization of whole-brain functional networks in long-term UHL remains poorly understood.
In this study, we aimed to map functional connectomic changes present in long-term UHL using rs-fMRI. We employed an unbiased
connectome-wide approach to analyze group differences in every functional connection linking 278 regions distributed throughout the brain and changes in brain network organization using graph theoretical approaches. Our primary hypothesis is that the brain sensory regions typically affected by cross-modal processing (e.g., auditory and visual processing regions) will differ between UHL patients and healthy controls (HCs). As an exploratory investigation, we also hypothesized possible differences in brain higher-order networks, including the DMN and attention network, subserving the cognitive-behavioral changes in UHL patients.
| MATERIALS AND METHODS

| Subjects
In this study, 21 long-term UHL patients with primary ipsilateral acoustic neuroma (AN) were included. All patients had small tumors (diameter < 25 mm) with purely intrameatal or intraextrameatal tumor extension (classes T1-T2 according to the Hannover classification system; Matthies & Samii, 1997) . Specifically, 12 patients had rightsided UHL, and nine patients had left-sided UHL. All UHL patients had postlingual deafness without tinnitus. Different from patients with sudden hearing loss (hearing loss duration < 3 days; Schreiber, Agrup, Haskard, & Luxon, 2010) , all patients in this study had long-term UHL (hearing loss duration > 2 months). We also selected 21 age-and sexmatched HCs. All participants were right-handed.
| Hearing assessment
The hearing assessment was conducted in the Department of Otolaryngology/Head and Neck Surgery in PLA General Hospital.
Participants were tested in a double-walled, soundproof audiometric suite, which meets specifications for permissible ambient noise (ISO, 1994, 389-3) . We measured middle ear acoustic immittance for each ear to determine middle ear conditions, and no patients exhibited type B and C curves of tympanograms according to the Liden-Jerger approach. Detailed descriptions of the middle ear acoustic immittance measurement can be found in the Data S1.
| Pure-tone audiometry
Pure-tone audiometry was performed using a Madsen audiometer 
| Maximum phonetically balanced word recognition (PBmax)
PBmax was tested using a set of validated Mandarin monosyllable recognition test materials (Deng, Ji, & Yang, 2014) . The test signals were delivered through custom-made software to the external stimulation port of a calibrated Madsen audiometer (Corena, Denmark).
The speech audiometry was in compliance with ISO, 2012, 8253-3. Audio signals were presented monaurally to each participant's ear through a TDH-39 earphone. Before the test began, the audiometer was adjusted with a calibration tone of 1 kHz, and the volume unit meter on the panel was returned to zero. At the very beginning of the test, several practice lists were presented to familiarize the subjects with both the speaker's voice and the test procedure. The subjects were instructed to listen carefully to a list of 50 monosyllables and iterate what they heard. The response of the subject to each test item was marked as true or false. PBmax for the test ear was identified with a signal level at 30 dB above the averaged thresholds of 0.5, 1, 2, and 4 kHz or the maximum comfortable level. PBmax was determined as the percentage of monosyllables correctly reported. The procedures referred to GB/T 17696-1999.
Generally, higher PBmax values indicate better speech recognition ability.
| Image acquisition
Scans were performed using a GE750 3.0T scanner at PLA General Hospital. Participants were fitted with electrostatic headphone to mitigate acoustic scanner noise. The rs-fMRI was obtained using an echo-planar imaging ( 
| Network construction
The analysis workflow is illustrated in Figure 2 . To define the nodes for the brain network, the preprocessed rs-fMRI data of each subject were divided into subregions using a template consisting of 278 nodes. This template was derived from a previous study that used functional connectivity data from 78 healthy individuals to form functionally homogenous brain regions (Shen, Tokoglu, Papademetris, & Constable, 2013) . To define network edges, we computed the intrinsic functional connectivity for each pair of 278 nodes by computing
Pearson correlation coefficients between the regional mean time series. This finding resulted in a symmetric connectivity matrix of size 278 × 278 for each subject. This method has been used in previous brain network studies (Chiang & Haneef, 2014; Pedersen, Omidvarnia, Walz, & Jackson, 2015; Zhang et al., 2011) .
| Network analyses
Here, we investigated the topological architecture of the functional connectome in UHL patients at three (global, nodal, and connectional) levels (Bullmore & Sporns, 2009 ). To avoid biases associated with using a single sparsity threshold, we applied a wide range of
The frequency-dependent hearing threshold of each subject in the affected ear sparsity thresholds (5%-50% in steps of 5%), where prominent small-world properties in brain networks were observed (Watts & Strogatz, 1998) . At each of these thresholds, we calculated both global and node network metrics. For global network measures, we included the following: global efficiency (E glob ), local efficiency (Eloc), shortest path length (Lp), clustering coefficient (Cp), and small-world parameters (λ, γ and σ; Rubinov & Sporns, 2010) . For regional nodal characteristics, we considered the betweenness centrality (BC) metric similar to previous studies (Achard & Bullmore, 2007; Yasuda et al., 2015) . BC is a widely used measure to identify the most central nodes in a graph (Bassett, Meyer-Lindenberg, Achard, Duke, & Bullmore, 2006; Iturria-Medina et al., 2011; Rubinov & Sporns, 2010) . BC quantifies the number of short paths (between all other node pairs) that pass through a specific node divided by the total number of short paths in the entire network (Achard & Bullmore, 2007) . Thus, BC can assess the degree of information flow of a brain region in whole networks, and a region with high BC indicates that it is part of "highly traveled paths" (Yasuda et al., 2015) . We also calculated the regional efficiency to validate the results of nodal BC.
Furthermore, for each network metric, we computed the area under the curve (AUC), which provides a summarized scalar for topological organization of brain networks independent of a single threshold selection. The integrated AUC metric has been used in previous brain network studies and is sensitive at detecting topological alterations in brain disorders Zhang et al., 2011) .
At the connectional level, we identified regional pairs that showed between-group differences in functional connections and further localized connected networks that showed significant changes in UHL patients.
| Statistical analysis
We used nonparametric permutation tests to determine betweengroup differences. Briefly, we initially calculated the between-group differences in the mean of each global and regional network metric.
We then randomly reallocated all of the values into two groups and recalculated the mean differences between the two randomized groups (10,000 permutations), thus an empirical distribution of the difference for each of graph-based metric was obtained. The 95th
percentiles of each distribution were used as critical values in a onetailed test to identify whether the observed between-group differences were occurred by chance. Notably, before the permutation tests, effects of age and gender and education level were regressed by multiple linear regressions. Likewise, at connectional level, permutation tests were used to determine the significantly altered connectivity, and the false discovery rate (FDR) method with corrected p < .05 was used to correct for multiple comparisons (Genovese, Lazar, & Nichols, 2002) .
To determine the relationship between brain network measures and clinical variables (hearing loss duration and hearing assessments), partial correlation analyses were conducted in the UHL group within the connections/nodes showing significant between-group F I G U R E 2 Analysis workflow. 3D, three-dimensional; SPGR, spoiled gradient recalled; UHL, unilateral hearing loss differences. The multiple comparisons were corrected with Bonferroni method.
The network analysis was performed using the GRETNA package 
| RESULTS
| Demographics and hearing assessment
There were no significant differences in age (p = .455), gender distribution (p = .525), and educational level (p = .973) between the UHL and HC groups. Compared with HCs, UHL patients had significantly higher PTA scores and lower PBmax scores in the affected ears (Table 1) .
| UHL-related alterations in functional connections
We identified significantly increased and decreased connections in 
| UHL-related alterations in regional nodal characteristics
No regions survived after Bonferroni correction for multiple comparisons. As the subjects were relatively heterogeneous, and the sam- and attention network ( Figure 4B ). Moreover, the main results of BC were consistent with those of nodal efficiency ( Figure S1 ).
| Global network properties
There were no significant differences in any global parameter (Lp, Cp, E glob , E loc , λ, γ, and σ) of the whole-brain functional networks between the two groups ( Table 2 ). Both UHL patients and HCs exhibited efficient small-world properties in the functional networks, characterized by almost identical path lengths (λ ≈ 1) but higher clustering coefficients (γ > 1) in the brain networks compared with those in matched random networks ( Figure 5 ).
| Relationships between network measures and clinical performance
Of note, correlations were not significant under the rigorous 
| DISCUSSION
To the best of our knowledge, the present study is the first demonstration of connectome-level differences in functional networks between long-term UHL patients and HCs. Although both groups Unilateral hearing loss patients and controls showed common small-world properties of the functional networks. Thus, our findings indicate that UHL patients exhibited an optimized topological organization in brain networks despite the long-term deprivation of unilateral auditory input. Specifically, the results were consistent with a recent rs-fMRI study that found a typical small-world network in sudden UHL patients . However, compared with control subjects, sudden UHL patients also showed a significantly increased clustering coefficient and a decreased characteristic path length in their brain networks, which was not detected in long-term UHL patients. This discrepancy might reflect long-term UHL-related adaptive and compensatory functional reorganization to limit the consequences of neurological damage and help maintain topological organization (Hawellek, Hipp, Lewis, Corbetta, & Engel, 2011) .
However, the absence of significant global topological differences does not preclude the existence of functional changes in nodes and connections in long-term UHL patients. Indeed, the UHL-related alterations in nodes and connections were found in the sensory network as well as in the higher-order cognitive networks. Importantly, the sensory network involved was primarily located in the visual cortex.
F I G U R E 3
Region pairs exhibiting altered functional connections in the UHL group compared with the control group. (a) UHL patients relative to the control subjects showed significantly increased connectivity with 11 nodes and six connections (FDR corrected p < .05).
(b) UHL patients relative to the control subjects showed significantly decreased connectivity with 16 nodes and nine edges (FDR corrected p < .05). The nodes and connections could be categorized into five functional networks: the attention network, default-mode network, visual network, subcortical network, and cerebellum. The nodes and connections were mapped onto the cortical surfaces using the BrainNet Viewer package (www.nitrc.org/projects/ bnv) Consistently, previous structural imaging studies (Laugen, Brännström, Aarstad, Vassbotn, & Specht, 2016; Yang et al., 2014) In fact, anatomical studies in cats and nonhuman adult primates have demonstrated direct connections between auditory and visual cortical areas (Hall & Lomber, 2008; Rockland & Ojima, 2003) . Thus, partial deprivation of one sensory modality (auditory) could affect the functions of the remaining intact sensory modalities (visual) (Schmithorst et al., 2014; Wang et al., 2014) .
Previous neuroimaging studies have reported that long-term UHL is associated with changes in the DMN (Wang et al., 2014; Zhang et al., 2015 Zhang et al., , 2017 . This network underlies cognitive processes, such as emotional processing and self-referential mental activity (Gusnard, Akbudak, Shulman, & Raichle, 2001 ), conflict monitoring (Kerns et al., 2004) , memory retrieval (Wheeler et al., 2006) and cognitive control (Leech, Kamourieh, Beckmann, & Sharp, 2011) . The altered connections in the DMN might consequently intrude on or disrupt ongoing cognitive performance, contributing to cognitive deficits in UHL patients, which is in line with clinical obser-
vations that UHL patients demonstrate significant difficulties with classroom behavior, cognition, and speech and language acquisition (Kuppler et al., 2013; Lieu et al., 2012; Schmithorst et al., 2014; Tibbetts et al., 2011) . The attention network underlies attentional reorienting to salient relevant external stimuli or internal goals (Corbetta, Patel, & Shulman, 2008) . Individuals with binaural hearing can produce relative intensity and phase differences in sound between both ears for spatial localization of a sound source. In fact, the ability of sound localization is critical for cognitive processing to improve self-adaptation in a complex multisource environment (Ernst & Bülthoff, 2004) . However, in UHL individuals, interaural differences are not available; thus, these individuals suffer from impaired sound localization ability (Wolter et al., 2016) . We speculate that affected connections in the attention network underlie UHLrelated deficits in detecting sound localization in the environment.
Moreover, specific altered connections exhibited a trend toward a correlation between illness duration and hearing assessment, raising the possibility that the reorganization of the brain in UHL patients may depend on the stage of deafness and HL. Together, our connectome-level analysis suggested that the nodes and connections within higher-order networks were disturbed in patients with long-term UHL.
The subcortical network and cerebellum also exhibited altered functional connectivity in the UHL group. The cerebellum is anatomically and functionally connected with the frontal cortex through subcortical regions. Recent evidence indicates that the cerebellum has roles in cognitive processes in addition to motor function (Schmahmann & Caplan, 2006) . Furthermore, neuroimaging studies have documented activation of the cerebellum during auditory, verbal, and language tasks (Bower & Parsons, 2003; Petacchi, Kaernbach, Ratnam, & Bower, 2011) . A meta-analysis found that the most active brain region responding to auditory-related tasks in functional imaging, following the primary auditory cortex, was the cerebellum (Petacchi, Laird, Fox, & Bower, 2005 ). In the current study, we noted both increased and decreased functional connectivity between the cerebellum and other systems. In part, our results
F I G U R E 4
Brain regions showing altered nodal betweenness centrality in brain functional networks. (a) UHL patients relative to the control subjects showed significantly increased nodal betweenness centrality. These regions were predominantly located in visual network, default-mode network, and subcortical network. (b) UHL patients relative to the control subjects showed significantly decreased nodal betweenness centrality. These regions were mainly located in auditory network, visual network, default-mode network, and attention network. HC, healthy control; UHL, unilateral hearing loss T A B L E 2 Global network metrics in UHL patients and controls Values are expressed as mean ± standard deviation.
may reflect the substantial involvement of the cerebellum in psychoacoustic processing.
Neuroimaging studies, such as rs-fMRI in this study, can detect putative brain network changes, which are difficult to observe through clinical measures alone (Cortese et al., 2012) . Knowledge of the brain reorganization mechanisms associated with UHL might establish comprehensive clinical assessments and eventually elaborate personalized therapeutic intervention for UHL patients. Finally, such networkbased localization may facilitate tailored modulation of affected networks using techniques, such as noninvasive brain stimulation, with the therapeutic aim of alleviating clinical symptoms in UHL patients.
The present study had several limitations that merit additional investigation. First, functional brain networks constructed from the rs-fMRI data were largely constrained by structural pathways (Honey et al., 2009 ). Thus, combining multimodal neuroimaging data could facilitate identification of structure-function relationships in UHL patients. Second, as a pilot rs-fMRI study, although we characterized aberrant brain networks in UHL patients, whether these connectomelevel changes contributed to behavioral deficits were not systematically explored. Nevertheless, collective disruptions in intrinsic large-scale networks were associated with parallel patterns of cognitive deficits in studies of many psychiatric and neurological disorders, such as depression, autism, schizophrenia, and dementia (Menon, 2011) . Thus, we linked our current findings of brain network changes to behavioral deficits in UHL patients. Further works combining extensive psychoacoustic profiling and connectivity analysis are of great interest to uncover the neuronal bases underlying specific behavior and cognitive deficits in UHL. Finally, as the subjects were relatively heterogeneous, and the sample size was small in each cohort, the detection power was considerably reduced. Indeed, the results for nodal centrality and brain-behavior correlations could not pass the stringent correction for multiple comparisons. Thus, these uncorrected findings should be considered only an exploratory analysis. Nonetheless, the reported results of altered nodal centrality within the sensory and higher-order networks in UHL were highly consistent with those of connection-level comparisons. Future studies are needed to increase the statistical power by selecting known regions of interest relevant to UHL or using a larger sample size.
| CONCLUSIONS
Moving beyond models of hearing loss-related changes focused on focal brain regions, the present exploratory study revealed connectome-level alterations belonging to multiple large-scale networks involved in sensory and higher-level cognitive functions in 
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